We propose, and test using a Monte-Carlo analysis (a computer-based numerical analysis using a random number generator), a novel and efficient method to obtain sets of DNA markers linked to any inherited genetic locus. The method consists of a targeted search that is based on the common inheritance among members of an outbred pedigree, of discrete chromosome lengths, which we call inheritance units, to obtain DNA markers linked to the locus. In cases where two individuals inherit the same trait through two different lines of descent from a common ancestor, the set of inheritance units in each of the two genomes includes an inheritance unit that is identical in both individuals for a substantial distance on both sides of the DNA sequence which confers the trait. The power of the technique derives from the genetic selection that reduces the size and number of the inheritance units as the generational distance between the two individuals being compared increases.
INTRODUCTION

Recently Botstein £t al. (1) suggested a novel strategy to allow widespread detection of inherited human disease.
The idea is to saturate the human genome by use of 150 random polymorphic markers (RPMs) such that all sites in the human genome lie within 0.1 recombination fraction (RF) of an RPM (1). (One RF is a unit of DNA length which has on the average a 109% probability that it contains one crossover event after one generation. The human genome is approximately 30 RF in length). When accomplished, it is said that this procedure may allow widespread detection of inherited human diseases (1).
While it is certainly a good first step, the above procedure is very labor intensive; moreover, clinical usefulness of the procedure for detection of inherited diseases Bhould be questioned. Even if a mutant allele (MA) (the DNA sequence whose inheritance causes a specific condition), has been linked to a specific RPM at 0.1 RF, by definition there will be 10% crossover events per generation that prevent inheritance of both the HA and the region specified by the associated RPM. This level of error is unacceptably high for the test to have clinical usefulness. The development of a test with an error occurrence of 1% for a particular inherited condition in the absence of chromosome position information would require the considerable effort of screening more than 1500 RPM.
In order to accelerate the process of obtaining RPMs linked to MAs, we propose here a new laboratory approach and describe a mathematical simulation technique to define parameters that are required to achieve success with this approach. Our method should allow us to isolate rapidly a set of recombinant DNA clones within a genome region 0.2 RF long that includes the MA. The clones can then be screened for the occurrence of RFLPs (restriction fragment length polymorphism, see ref. 1). The method should produce a set of recombinant clones greatly enriched for the region within 0.2 RF of the MA. For the human, this region of DNA will be 7 9 roughly 2 x 10 bp if one assumes a genome 30RF or 3 x 10 bp in length. The accompanying paper introduces two new techniques that are necessary for the laboratory approach to succeed (2) .
Rationale for the Method of Ana1yn<R
As a specific example, consider a portion of the pedigree for Kindred 1441 ( 2) The rest of V-l's DNA has been inherited from other ancestors who are assumed to be unrelated to 1-1. Let us call such DNA genetically diverse DNA. As has been shown (4), the genetically diverse DNA of V-l will differ in sequence for the corresponding genomic locations from that of 1-1 about once every 500 bp. Thus the enormous difference in rate of sequence polymorphism between IU DNA and genetically diverse DNA can be a basis for distinguishing between them. In addition the generations that separate 1-1 and V-l serve as a genetic selection for the specific ID that includes the MA and adjacent, linked DNA sequences. (Fig. 4) , particularly at high GS. The minor difference between Eqs. 2 & 3 can be traced to the fact that the argument used in deriving Eq. 2 as well as that used in deriving Eq. 3 are valid only for large GS. Summary of Honte-Carlo simulation: Initially we applied the Monte-Carlo simulation technique to compute quantities that can be checked by analytical methods. We are now ready to introduce input factors specific to our experimental situation. Going through the above excercise, we also learned the following which improves the chances for success of the laboratory approach. As GS increases, the target ID (which includes markers linked to the MA) becomes shorter only as a function of 1/GS. The non-target IUs, which yield fragments that are not linked to the MA, on the other hand, decrease in size much faster than the target IU. Thus considerable enrichment of linked markers can be obtained by considering cases with GS > 7; in fact, if a sample with GS > 10 is available, there may be no contamination from non-target IUs.
Intrinaic Nolne/fiiynni Determination. We consider fragments of DNA which were derived from the target IU and which lie within 0.1 RP from the MA under investigation to be the signal. Polymorphisms of these fragments can serve as markers for the MA. All other heteroduplex DNA fragments (without base mismatches) contained in the final sample that will not serve as a tightly linked marker of the MA are intrinsic noise.
Again, in order to have a better understanding of the analysis, it is useful to define the several sources of intrinsic noise:
1. The non-target TUB will contribute DNA that is identical in sequence but is not linked to the MA.
2. If the length of the target ID is greater than 0.1 RF, we will obtain markers which are located more than 0.1 RF from the MA. We call this source of noise non-npecific marker.
3. Random 10-20 kb long pieces of DNA which happen to be identical and shared by both IV-8 and V-l are a source of noise we call DNA fragments Identical by chance. On the average there is one DNA sequence polymorphism every 300-1000 bp (7). The probability that two random DNA fragments will contain no mismatch for 20,000 bp is negligible. We will therefore not consider this source of error.
These criteria for noise and signal were introduced during the Monte-Carlo simulation and the amount of noise as well as signal were computed for each simulation. The noise/signal resulting from this simulation is shown in Figure 5 .
To understand the Monte-Carlo result we estimate of each source of intrinsic noise:
1. Non -target ipe-By inspection of the average length distribution of the total non-target IOs for a GS of 7 (Fig. 4) , it is reasonable to conclude that the non-target IU length is < 1.4 RF. Thus the noise from the non-target The graphs display the results of Monte-Carlo analysis in the 6, 7, 9 and 11 GS cases at different purification powers of the laboratory approach in removing genetically diverse heteroduplex DNA. Specifically, the curves show the number of clones which must be screened in order to achieve a 99% probability of obtaining a single positive clone located within 0.1RF of the MA. This probability is equivalent to a 90% probability of obtaining 10 positive clones.
Non specific markers. The upper limit by inspection
of the target IU length for a GS of 7 (Fig. 3A) is ~ 0.7 RF.
Thus the non-specific marker: 0.7 RF noise/signal 0.2 RF
3.5
The sum of the upper limits of intrinsic noise/signal from the non-target IUs and non-specific markers is < 18. Figure 5 shows the noise/signal for a GS of 7 to be about 20, which is consistent with the above rough estimate.
Extrinsic Noise Determination. In addition, the total noise/signal ratio must reflect the extrinsic noise contribution from inefficiency of the laboratory approach. There is inefficiency in selecting only the identical DNA fragments from IV-8 and V-l. These sources of noise include: a) the methylase procedure to remove the homoduplex DNA fragments is not perfect and b) some mismatched DNA will be included in the cloned sample if carbodiimide is not 100% effective in eliminating the DNA fragments containing mismatches. We do not have a precise determination of the inefficiency of the chemical purification technique. We call these sources of noise false inclusion (F). From the data that we have, we think that it is reasonable to consider F~ 1/10B.
The results of the simulation is shown in Figure 6 Thus the false inclusion noise/signal » 1.5. For a case with a GS of 7 together with a laboratory approach which affords a 100-fold purification, the intrinsic ID noise is at least 10-fold more important than extrinsic noise from false inclusion. The relative importance of varying purification power of the laboratory approach and varying GS in obtaining HA linked DNA markers is discussed below. Probability of obtaining a linked marker. We are interested in the probability of obtaining at least one linked marker from among the recombinant clones isolated by the experimental approach. Let f be the probability that any given clone includes a linked marker. Then the probability of obtaining at least one linked marker after screening N clones is: P = 1 -(l-f) N An experiment in which we have better than a 99% chance of obtaining at least one linked marker is acceptable. Note that at this probability we have a 90% chance of obtaining 10 or more linked markers. In Figure 6 we display the Monte-Carlo results which show the number of clones that must be screened as a function of purification power of any laboratory approach to purify target IU DNA in order to achieve a 99% chance of success. The curves show these values for a GS of 6, 7, 9 and 11. The GS values establish the intrinsic IU noise contributed by non-target IU and non-specific marker DNA. Note that the DMAs with a GS of less than 7 will include substantial non-target IU and non-specific marker DNA. This result indicates the importance of applying the laboratory approach only to DNAs with a GS of at least 7. The purification power (1/F) of the laboratory approach to remove heteroduplex DNA of genetically diverse origin establishes the level of extrinsic noise as displayed in Figure 6 . Note that for F > .05 (purification power <20) the laboratory approach will not succeed. If the laboratory approach is improved such that F < 0.01, the GS should be increased coordinately with the improvement in the laboratory approach. For a specific case chosen at random with a laboratory approach that provides an F of 0.03 (33 fold purification), analysis of 400 clones generated from a case with a GS of 11 has a 99% probability of giving one positive clone.
CONCLUSION
In this paper we have introduced the concept of inheritance units (IUs).
We have described a method which exploits the characteristics of IUs and which should provide linked markers for any Mendelian locus. Although we have presented an approach to the genomic localization of an autosomal dominant disorder, an autosomal recessive trait for which carrier status is known can be localized by the identitical approach. The set of NA-linked markers should be a basis for a map of the specific chromosomal subregion. For success, the method only requires a 20-fold purification power in the laboratory approach to purify target IU DNA. Although we suggest a specific approach, there are other approaches to IU sequence purification. For example, if a methylase other than Dam methylaee is used to prepare heteroduplex DNA (e.g. Hae III methylase), the DNA could be cloned directly into lambda. Mismatch-stimulated killing might eliminate the mismatch containing genetically diverse heteroduplex DNA (14) .
As (Fig.6) .
We have analyzed the method using a Monte-Carlo simulation and found unexpected over-representation for the lengths of the target IU compared with lengths of the non-target ID. This fact will facilitate the search for HA-1inked markers. Future work could address the impact on the mathematical model caused by decreases in the randomness and number of crossover events per generation. For the present simulation we have assumed an infinitely outbred ancestor population and have fixed the number of crossover events at 30. These assumptions could be modified. Finally, the concept of the IU is a useful one in understanding the rate of dispersion of genetic information within a related population.
